The functional interaction between the orphan nuclear receptors small heterodimer partner (SHP) and liver receptor homolog 1 (LRH-1), where SHP binds to LRH-1 and represses its constitutive transcriptional activity, is crucial for regulating genes involved in cholesterol homeostasis. Here, we report structural and biochemical analyses of the LRH-1͞SHP interaction. The crystal structure and modeling studies of the LRH-1 ligand-binding domain bound to either of the two LXXLL-related motifs of SHP show that the receptor undergoes conformational changes to accommodate the SHP docking and reveal key residues that determine the potency and selectivity of SHP binding. Through a combination of mutagenesis and binding studies, we demonstrate that only the second SHP LXXLL motif is required for repressing LRH-1, and this motif displays a strong preference for binding to LRH-1 over the closely related receptor steroidogeneic factor 1 (SF-1). Structural comparisons indicate that this binding selectivity is determined by residues flanking the core LXXLL motifs. These results establish a structural model for understanding how SHP interacts with LRH-1 to regulate cholesterol homeostasis and provide new insights into how nuclear receptor͞coregulator selectivity is achieved.
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steroidogeneic factor 1 ͉ bile acids ͉ coactivators ͉ corepressors L iver receptor homolog 1 (LRH-1, NR5A2) is an orphan nuclear receptor that activates an array of genes responsible for development of endodermal organs such as liver, intestine, and pancreas (reviewed in ref. 1) . LRH-1 also plays a central role in lipid homeostasis by regulating genes involved in bile acid synthesis, reverse cholesterol transport, and metabolism of lipoprotein complexes (2) (3) (4) (5) (6) . In the nuclear receptor superfamily, LRH-1 is most homologous to steroidogeneic factor 1 (SF-1, NR5A1), which is essential for sex differentiation and development of adrenals and gonads (7, 8) . LRH-1 and SF-1 share a highly conserved DNA-binding domain (DBD, Ͼ90% identity) and a moderately conserved ligand-binding domain (LBD, 56% identity). In contrast to most other nuclear receptors that function as dimers, LRH-1 and SF-1 bind with high affinity as monomers to a conserved consensus DNA site found in the promoters of target genes (9) . The high degree of similarity in the DBDs of LRH-1 and SF-1 suggests that their different biological activities are contributed in part by distinct structural features in their LBDs, which recruit specific cofactors to regulate transcription.
LRH-1 seems to be a constitutively active transcription factor in that it activates many reporters in the absence of any exogenous ligands. The crystal structure of the mouse LRH-1 LBD reveals a sandwich fold of four layers of helices instead of the three layers observed for many other receptors (10) . Despite the absence of any ligand in the large ligand-binding pocket, the C-terminal activation helix (AF-2) of LRH-1 is packed in an active conformation. The constitutive LRH-1 activity is proposed to be the result of the stabilization of the canonical LBD by the extended helix 2, which comprises the fourth layer of the helix sandwich fold. In vivo, the constitutive activity of LRH-1 is regulated by another orphan receptor SHP (small heterodimer partner, NR0B2), which contains a putative LBD but lacks a traditional DNA-binding domain (2, 3, 11) . SHP was originally identified as a corepressor that interacts with a number of nuclear receptors, including peroxisome proliferator-activated receptors (PPARs), estrogen receptors, retinoid-X receptors, and LRH-1 (12) (13) (14) (15) . The physiological significance of the LRH-1͞SHP interaction is well illustrated by its role in the negative feedback regulation of the cholesterol 7-␣-hydroxylase gene (CYP7A1), which encodes the rate-limiting enzyme in the conversion of hepatic cholesterol to bile acids (2, 3) . Activation of the bile acid receptor, FXR, causes an increase in SHP, which in turn interacts with LRH-1 bound to the CYP7A1 promoter and blocks its stimulatory effects on transcription (2, 3, 16) . The SHP gene itself is also regulated by LRH-1 (2, 3, 16) . Thus, bile acid homeostasis is regulated at multiple levels by a complex regulatory cascade involving FXR, LRH-1, and SHP, in which SHP͞LRH-1 interactions play a pivotal role.
SHP employs two functional AF-2-binding motifs, which closely resemble the LXXLL motifs found in a large number of nuclear receptor AF-2 coregulators including the PPAR␥ coactivator (PGC-1␣) and the steroid receptor coactivators (the SRC͞p160 coactivator family), to interact with the LBDs of nuclear receptors (17) . Although the physical regions of SHP that interact with LRH-1 have not been mapped, it is assumed that SHP uses the same LXXLL-related motifs to interact with LRH-1. However, previous structural and mutagenesis studies indicate that the LRH-1 structure is not suitable for optimal binding of an LXXLL coactivator motif (10, 18) . Thus, the molecular basis for the LRH-1͞SHP interaction remains unclear. In addition, the reason why SHP inhibits LRH-1 but not SF-1 is not fully understood (3) . In this report, we have performed structural and biochemical analyses to probe the LRH-1͞SHP interaction. Our results provide critical insights into why SHP preferentially represses LRH-1.
Methods
Protein Preparation and Crystallization. The mouse LRH-1 LBD (residues 318-560) was expressed in Escherichia coli and was complexed with SHP ID1 and ID2 peptides for crystallization with details described in Supporting Methods, which is published as supporting information on the PNAS web site.
Data Collection, Structure Determination, and Refinement. Data were collected at the ID line of sector-32 of the Advanced Photon Source, and were processed with HKL2000 (19) . The structures were determined by molecular replacement by using apo LRH-1 (10) or PPAR␥͞rosiglitazone (20) as a model with the AMORE program (21) , and refined with CNS (22) .
Binding Assays. The binding of the cofactor motifs to the nuclear receptors was determined by AlphaScreen assays as described (23, 24) . The peptide sequences and the AlphaScreen procedures are detailed in Supporting Methods.
Transient Transfection Assays. The expression plasmids for the mouse receptors (LRH-1, SF-1, SHP, and Dax-1) and an SF-1͞ LRH-1 reporter plasmid were used in transfection assays with details described in Supporting Methods.
Results
Selective Binding of the SHP LXXLL-Related Motifs to LRH-1. The two SHP LXXLL-related motifs (ID1 and ID2 in Fig. 1A ) are crucial for repression of a number of nuclear receptors in reporter assays (17) . To test the direct binding of the SHP LXXLL motifs to LRH-1, we used biotinylated SHP ID1 and ID2 peptides to measure their interactions with the purified LRH-1 LBD using AlphaScreen assays (23, 24) . In this assay, donor and acceptor beads were attached to the SHP peptides and the LRH-1 protein, respectively. When the SHP peptides interact with LRH-1, excitation with a laser beam at 680 nm causes the donor bead to emit single oxygen molecules that activate the fluorophores in the acceptor bead, and light is recorded at 520-620 nm. As shown in Fig. 1B , incubation of LRH-1 and the SHP ID1 peptide yielded Ϸ30,000 photon counts versus Ͻ200 photon counts produced by either LRH-1 or the SHP ID1 peptide alone, demonstrating the binding of the SHP ID1 peptide to the receptor. Purified LRH-1 was also able to interact with the SHP ID2 motif as well as the LXXLL motifs from coactivators PGC1␣, CBP, TRAP220, SRC-1, and TIF2 but not with the corepressor motifs from SMRT and N-CoR.
To determine the affinities of SHP ID1 and ID2 binding to LRH-1, we performed peptide competition experiments using unlabeled SHP ID1 and ID2 peptides. Both the SHP ID1 and ID2 bind to LRH-1 with an IC 50 of Ϸ0.5 M (Fig. 1C) . We also measured the binding affinity of the second LXXLL motifs of SRC-1 and TIF2, which bind to LRH-1 with IC 50 values of 50 nM and 8.0 M, respectively. These quantitative measurements reveal that the affinities for SHP ID1 and ID2 binding to LRH-1 are comparable with those of coactivator motifs.
Because SHP has been reported to repress the activation of a number of nuclear receptors (14, (25) (26) (27) , we determined the relative binding affinity of the two SHP motifs to several receptors by using 500 nM SHP ID1 or ID2 peptide in the peptide competition experiments. As shown in Fig. 1D , the presence of 500 nM either SHP ID1 or ID2 peptide inhibited binding of the TIF2 LXXLL motif to LRH-1 by 50%, which is consistent with the binding affinity (IC 50 ) of these two SHP motifs to LRH-1 as shown in Fig. 1C . The presence of the same amount of the SHP peptides inhibited binding of the TIF2 coactivator motif to other purified receptors [including SF-1, PPARs, hepatocyte nuclear factor 4␣ (HNF4␣), ER␣, ER␤, and oxosteroid hormone receptors] by only 5-25% [except for RXR, which is inhibited Ϸ50% by SHP ID1]. These results demonstrate that the SHP LXXLL motifs, especially the second motif (ID2), preferentially interact with LRH-1 among all receptors tested.
Crystal Structure of the LRH-1͞SHP ID1 Complex. To determine the molecular basis for the LRH͞SHP interaction, we attempted to crystallize the LRH-1 LBD in a complex with the SHP ID1 or ID2 peptide. The LRH-1͞SHP ID2 complex failed to crystallize, but LRH-1͞SHP ID1 crystals were readily obtained in the C 2 space group with two complexes in each asymmetry unit. The statistics for the datasets and the refined 2.5-Å structures are summarized in Table 1 , which is published as supporting information on the PNAS web site. Fig. 2 A and B shows two 90-degree views of the overall arrangement of the LRH-1͞SHP ID1 complex. The LRH-1 LBD adopts a four-layered helical sandwich fold that closely resembles the LRH-1 apo LBD structure. As seen with the apo LBD structure, The relative binding affinity of the SHP motifs to various purified receptor LBDs is measured by AlphaScreen assays by using 500 nM SHP ID1 and ID2 peptides to compete off the binding of the TIF2 third motif to the receptors. A 0% inhibition is the reading in the absence of any competing peptide where 100% inhibition represents the reading in the presence of 100 M TIF2 peptide. GR, glucocorticoid receptor; MR, mineralocorticoid receptor; AR, androgen receptor, ER, estrogen receptor; PR, progesterone receptor; TR, thyroid hormone receptor.
the SHP-bound LRH-1 also contains a large binding pocket with a cavity volume of Ϸ800 Å 3 , but the pocket is empty. Despite the empty pocket, the C-terminal AF-2 is positioned in the active conformation as in the apo structure. The rms deviation (rmsd) of C␣ atoms between the apo-and the SHP-bound LRH-1 structures is 0.45 Å (Fig. 3A) . The major difference is the stability of the extended helix H2, which is partially disordered toward its C terminus in both LRH-1͞SHP complexes in our crystals.
The docking mode of the SHP ID1 is well defined in the LRH-1͞SHP interface. The ILYTLL sequence of the SHP ID1 adopts a two-turn amphipathic ␣-helix with L21 and L25 oriented inward toward the LRH-1 surface, and I20 and L24 partially exposed to solvent (Fig. 3E) . Like other nuclear receptorcoactivator interactions, LRH-1 uses two ''charge clamp'' residues (E553 from the AF2 and R380 from helix 3) to mediate a series of hydrogen bonds with the backbone dipole of the SHP ID1 helix. The charge clamp residue from helix 3, which is normally a lysine in other receptors, is an arginine in LRH-1. The larger side chain of R380 pushes the SHP helix outward by 1.0-1.6 Å. The docking of the SHP ID1 helix is further stabilized by interactions of several other residues with LRH-1, which are summarized in Fig. 2E .
Structural Model of the LRH-1͞SHP ID2 Complex. We were unable to crystallize the LRH-1͞SHP ID2 complex despite numerous attempts. Because the SHP ID2 motif interacts with other nuclear receptors, although with lower affinity (Fig. 1D) , we crystallized SHP ID2 bound to the PPAR␥ LBD in the presence of the agonist rosiglitazone. The structure of the PPAR␥͞SHP ID2 complex was determined and refined at 1.8 Å, a resolution that permits the unambiguous determination of the docking mode of the SHP ID2 motif (Fig. 2C) . Like the coactivator LXXLL motif, the core ILKKIL motif of the SHP ID2 peptide adopts a two-turn ␣-helix with L121 and L125 directed toward the center interface of receptor, and residues I120 and I124 oriented at a 90-degree angle to the center interface. Overall, the interactions of the SHP ID2 peptide with PPAR␥ are analogous to those observed in the SRC-1-bound PPAR␥ structure (20, 28) , and there is not a significant conformational difference between these two structures.
The availability of both the LRH-1͞SHP ID1 and the PPAR␥͞ SHP ID2 complexes provides an accurate template for modeling the interactions between the SHP ID2 motif and LRH-1. Superposition of the PPAR␥͞SHP ID2 complex with the LRH-1͞SHP ID1 complex indicates that the SHP ID2 helix would fit snuggly into the SHP ID1-binding site of the LRH-1 without any additional movement of the LRH-1 residues (Fig. 2D ). In this model, the interactions of the SHP ID2 with LRH-1 resemble those mediated by the SHP ID1. Residues L121 and L125 of the SHP ID2 motif mimic L21 and L25 of the SHP ID1 motif and mediate the core interactions with LRH-1 (Fig. 2E) . Residue K122 is extended to form a unique hydrogen bond with LRH-1 D391, which is analogous to the R ϩ 2 charge clamp interaction of the third TIF2 LXXLL motif in the GR and CAR cocrystal structures (24, 29) .
LRH-1 Conformational Changes
Induced by SHP Binding. Although there is no major rearrangement in the overall backbone structure or the ligand-binding pocket of LRH-1 (Fig. 3A) , the binding of the SHP ID1 peptide induces a series of conformational changes in the LRH-1 side chains that contact SHP. These conformational changes are apparent when the LRH͞SHP complex is overlaid on the apo structure (Fig. 3 B-D) . The most dramatic change is the side chain conformation of R380 (Fig. 3B) . In the apo structure, the extended R380 side chain traces along the coactivator-binding site into the space that is normally occupied by L ϩ 5 (L25) of the LXXLL motif. In response to SHP binding, the side chain of R380 is moved 5-8.0 Å to open up the pocket for the L ϩ 5 of the LXXLL motif. Side chains of residues F373, M394, and N549 are also moved 4-5 Å away from their corresponding positions in the apo structure to accommodate the binding of L ϩ 4, L ϩ 1, and I Ϫ 1 of the SHP LXXLL motif (Fig. 3 C and D) . In addition to these major changes in the side chain conformations, the LRH-1 AF-2 helix is also shifted 0.5 Å, which extends the length of the charge clamp pocket to accommodate the binding of the SHP helix. These conformational changes dramatically alter the surface topology of the LRH-1 coactivator-binding site (Fig. 3F) and thus allow the receptor to interact with SHP with high affinity.
Determinants of the SHP Binding to LRH-1. To determine the role of each residue of the SHP ID1 and ID2 peptides in binding to LRH-1, we performed peptide competition experiments with alanine scan mutants (Fig. 4A) . Replacement of the two core interface residues (L ϩ 1 and L ϩ 5) resulted in Ͼ150-fold decrease in the binding affinity of both SHP motifs to LRH-1, in agreement with the central role of these two SHP residues in the binding to LRH-1. Mutations in I Ϫ 1 and L ϩ 4, which comprise the peripheral interface, also moderately decrease SHP binding. Interestingly, mutations in the ϩ3 and ϩ7 residues increase SHP binding to LRH-1 by 5-to 10-fold. These residues do not contact LRH-1 directly, but the alanine mutations can increase the helical propensity of the SHP sequence (30) , and thus stabilize the docking of the SHP helix.
To assess the importance of these two SHP motifs in the repression of LRH-1, we mutated either motif in the context of the full-length SHP and performed cell-based assays by using an LRH-1͞SF-1 reporter. Fig. 4B shows that wild-type SHP can repress LRH-1 activity to baseline levels, and mutations in the SHP ID1 motif have little effect on SHP repression function. In contrast, mutations in the SHP ID2 motif abolish the ability of SHP to repress LRH-1, which demonstrates that the functional interaction between SHP and LRH-1 is mediated through the SHP ID2 motif despite the finding that both SHP motifs bind to LRH-1 with approximately the same affinity.
The transcriptional activity of SF-1, a receptor closely related to LRH-1, is not inhibited by SHP but is repressed by Dax-1, a tissue-specific repressor of SF-1 (Fig. 4C) . The SHP ID1 and ID2 peptides interacted with purified SF-1 LBD with IC 50 values of 11 M and 33 M, respectively (Fig. 4D) . This binding affinity is roughly 20-to 80-fold weaker than the binding of the SHP motifs to LRH-1 or the binding of the second and third motifs of Dax-1 to SF-1 (Fig. 4D) . In fact, the biotinylated SHP ID2 peptide showed no interaction with SF-1 in conditions in which both TIF2 and SHP ID1 interacted with SF-1 (Fig. 4E) . Importantly, a mutated mouse SHP in which the SHP ID2 motif is replaced with the third Dax-1 motif (SF-1 ϩ SWAP in Fig. 4C ) represses SF-1 activation as efficiently as Dax-1. These data suggest that the insensitivity of SF-1 to SHP repression can be attributed in part to its poor binding to the SHP ID2 motif. The transcriptional activity of LRH-1 is also severely inhibited by Dax-1 as well as by the SHP swap mutant (Fig.  4C) , consistent with the finding that all three Dax-1 motifs interact well with LRH-1 (Fig. 5E) . The higher affinity of the three Dax-1 motifs for LRH-1 compared with SF-1 is surprising but consistent with a previous report (31) showing that all three Dax-1 motifs interact strongly with LRH-1 and that Dax-1 mediates stronger repression on LRH-1 than on SF-1. The coexpression of LRH-1 with SF-1 and Dax-1 in steroidogenic tissues (32, 33) and the strong interactions between LRH-1 and Dax-1 suggest that LRH-1 is also a physiological target for Dax-1.
Basis of the SHP Selectivity Between LRH-1 and SF-1. To understand the basis for the selective interaction between SHP and LRH-1, we performed structural comparison of the LRH-1͞SHP complex with our recent structure of the SF-1͞SHP͞phospholipid complex (PDB code 1YP0) (34, 39) . Although the C␣ atoms comprising the coactivator-binding site overlap exceedingly well between LRH-1 and SF-1 (rmsd Ͻ 0.5 Å), there are three major differences in their coactivator binding sites (Fig. 5A) . The first and most pronounced difference is the change in LRH-1 residues L372 and F373, which form part of the pockets for I Ϫ 1, L ϩ 1, and L ϩ 4 of the LXXLL motif, to F274 and I275 in SF-1. The second difference is the orientation of the protein tail after the AF-2 helix. In LRH-1, the AF-2 tail is pointed away from the coactivator-binding site, whereas the SF-1 AF-2 tail is oriented toward it. The third difference is the shift of the SF-1 AF-2 helix and its preceding loop toward the right side of the LBD (Fig. 5A) .
Together, these differences significantly alter the surface topology of the SF-1 coactivator-binding site (Fig. 5 B-D) and consequently the docking mode of the SHP LXXLL motif. Compared with LRH-1, the SF-1 coactivator-binding site is narrower and deeper ( Fig. 5 C and D) , thus allowing the SHP helix to dock Ϸ1 Å deeper into the pocket (Fig. 5 A and B) . Because the ridge of the coactivator-binding site is about the same height in SF-1 and LRH-1, the deeper docking mode of the SHP helix into the SF-1 surface results in a collision between the residues flanking the SHP LXXLL motif and the ridge of the SF-1 coactivator-binding site (Fig. 5 B and F) . The second and third LXXLL motifs of Dax-1 bind to SF-1 with 20-to 100-fold higher affinity than the SHP motifs (Fig.  5E) , and inspection of their sequence reveals that the two Dax-1 motifs contain small residues flanking their LXXLL core (GS at Ϫ3 and Ϫ2; and TSA͞S at ϩ6, ϩ7, and ϩ8). In contrast, the SHP LXXLL motifs are surrounded by large side chain residues. The preference of SF-1 for smaller flanking residues is made evident by comparing the first and the second motifs of Dax-1 (DAX1 and DAX2 in Fig. 5E ). These two Dax-1 motifs contain identical amino acids from positions Ϫ4 to ϩ9 except for the residue at position ϩ6, where DAX1 has a large side chain residue methionine and DAX2 has a smaller threonine. The binding affinity of DAX2 to SF-1 is Ͼ30-fold stronger than DAX1, supporting the important role of the flanking sequence of the LXXLL motif in binding to SF-1.
Discussion
Repression of LRH-1 transcriptional activity by the atypical corepressor SHP regulates key aspects of cholesterol homeostasis (2, 3) . Mice lacking SHP show imbalances in bile acid metabolism and abnormal responses when challenged with diets enriched in cholesterol and͞or cholic acid (35, 36) . In this report, we provide a structural and biochemical characterization of the binding of the two SHP LXXLL-related motifs to LRH-1. The crystal structure of the LRH-1͞SHP complex reveals that LRH-1 adopts a canonical active conformation and that SHP binding results in conformational changes in LRH-1. Our mutagenesis and binding studies show that only the second SHP motif is required for repressing LRH-1, and this motif displays a marked preference for LRH-1 over SF-1 due to collisions between the SHP residues flanking the core LXXLL motif and the SF-1 coactivator-binding site. These results provide a structural model for understanding the high affinity and selective interaction between SHP and LRH-1.
Consistent with its constitutive activation properties, LRH-1 is able to interact with a number of coactivator LXXLL motifs in the absence of any exogenous ligand (Fig. 1B) . The structure of the LRH-1͞SHP complex reveals that LRH-1 is folded into the active conformation despite the empty ligand-binding pocket, like the apo LRH-1 structure (10). Based on the apo LRH-1 structure, it was proposed that the coactivator-binding site of LRH-1 is not optimized for binding to LXXLL coregulator motifs (10, 18) . Contrary to this notion, our quantitative competition experiments reveal that LRH-1 is capable of interacting with a number of coactivator motifs with moderate to high affinity. In addition, the two SHP motifs show preferential binding to LRH-1 over a number of other receptors, including HNF4␣, PPARs, ERs, and oxosteroid hormone receptors (Fig. 1D) . The higher affinity of SHP for LRH-1 compared with these other receptors suggests a reason why LRH-1 target genes such as CYP7A1 and CYP8B1 are especially sensitive to the repressive actions of SHP (35, 36) .
In response to SHP binding, several side chains that comprise the LRH-1 coactivator-binding site undergo significant conformational changes, which dramatically alters the topology of the binding site to accommodate the SHP helix. The docking mode of the SHP helix is analogous to the docking of coactivator LXXLL motifs in other nuclear receptors, with the hydrophobic leucines in the ϩ1 and ϩ5 positions oriented toward the central interface with LRH-1. Alanine mutations in these residues demonstrate their critical role in binding to the receptor (Fig.  4A) . The charge clamp that caps both ends of the SHP helix is comprised in part by R380 from helix H3 instead of the lysine typically found in other nuclear receptors. The larger side chain of R380 seems to form a better shielded pocket for docking of L ϩ 5 of the SHP motifs, thus increasing the affinity of SHP binding to LRH-1.
Despite the similar affinity of the two SHP motifs for LRH-1, only mutations in the SHP ID2 motif abolish SHP repression of LRH-1 (Fig. 4B) . This result is consistent with previous findings showing that mutations in the SHP ID2 motif but not in the ID1 motif are sufficient to abolish SHP inhibition of GR and AR (25, 37) . Thus, the same motif is required for interactions with both monomeric and dimeric receptors. Modeling studies indicate that the SHP ID2 motif is located within the two ␤-strands between helices H5 and H6, where the ILKKIL sequence is exposed to solvent and well positioned to interact with the coactivator-binding site of LBDs. Interestingly, SF-1, an LRH-1 paralog, is not repressed by SHP but is repressed by Dax-1. Consistent with this result, our peptide-binding assays reveal that the two Dax-1 LXXLL motifs bind well to SF-1 but that the SHP ID2 motif interacts poorly with SF-1 ( Fig. 4E and 5E ). Furthermore, swapping the SHP ID2 motif with the Dax-1 third motif allows SHP to repress SF-1 to the same degree as Dax-1. Thus, the differential effects of SHP on LRH-1 and SF-1 can be attributed in part to the selective binding of the SHP ID2 motif to LRH-1.
A basis for the differential binding of the SHP motif to LRH-1 and SF-1 becomes evident by comparing the surface topology of their coactivator-binding sites (Fig. 5) . The coactivator-binding site in LRH-1 is wide and well formed, which is consistent with the ability of LRH-1 to interact with various LXXLL motifs with high affinity (Fig. 1B and 5E ). In contrast, the coactivator-binding site in SF-1 is narrower and deeper, which may explain why SF-1 interacts with fewer LXXLL motifs. The deeper SF-1 coactivator-binding site forces the SHP LXXLL helix to dock Ϸ1 Å closer to the pocket than the SHP helix in LRH-1. This docking mode selects for LXXLL motifs with smaller adjacent residues, which otherwise would collide with the ridge of the SF-1 coactivator-binding site. Thus, selectivity for the SF-1 coactivator cleft is encoded by the residues neighboring the core LXXLL motif (Fig. 5 E and F) . This model is supported by the presence of small residues flanking the second and third LXXLL motifs in Dax-1, which binds to SF-1 with high affinity. Consistent with this model, point mutations that change S Ϫ 2 or T ϩ 6 to large residues in the Dax-1 third motif severely reduce its binding to SF-1 (31) . A mechanistic understanding of how cofactors are selectively recruited by nuclear receptors has been a challenge, given the numerous LXXLL motifs, which adopt essentially the same two-turn ␣-helix in all LBD structures solved to date (reviewed in ref. 38) . Our previous studies revealed that a subset of nuclear receptors including GR and CAR use a second charge clamp to achieve selective binding to TIF2 (24, 29) . In contrast, we now provide evidence that the different surface topologies of the LRH-1 and SF-1 coactivator-binding sites define their selectivity for the sequence flanking the core LXXLL motifs. These results illustrate that nuclear receptors can employ diverse structural mechanisms to achieve specific recognition of their physiological coregulators.
